The ubiquitin-proteasome pathway plays an important role in the pathogenesis of neurodegeneration, but mechanisms controlling expression of components in this pathway remain poorly understood. Nuclear factor E2-related factor 1 (Nrf1) transcription factor has been shown to regulate expression of antioxidant and cytoprotective genes. To determine the function of Nrf1 in the brain, mice with a late-stage deletion of Nrf1 in neuronal cells were generated. Loss of Nrf1 leads to impaired proteasome function and neurodegeneration. Gene expression profiling and RT-PCR analysis revealed a coordinate down-regulation of various proteasomal genes including PsmB6, which encodes a catalytic subunit of the proteasome. Transcriptional analysis and chromatin immunoprecipitation experiments demonstrated that PsmB6 is an Nrf1 target gene. These findings reveal Nrf1 as a key transcriptional regulator required for the expression of proteasomal genes in neurons and suggest that perturbations of Nrf1 function may contribute to the pathogenesis of neurodegenerative diseases.
oxidative stress | conditional knockout | antioxidant response element T he ubiquitin-proteasome system (UPS) is one of the main pathways for intracellular protein degradation (1) . Proteins destined for proteasomal degradation are specifically tagged with ubiquitin moieties mediated by a set of E1, E2, and E3 enzymes (2) . Proteolysis of ubiquitinated substrates occurs in the 20S core complex, which is made up of α-protein and β-protein subunits encoded by different PsmA and PsmB genes (3) . Proteolytic activity resides in three of the β-subunits, β-1, β-2, and β-5, which are encoded by PsmB6, -B7, and -B5 genes, respectively (4). The 20S core particle is capped at each end by a 19S complex that binds and unfolds ubiquitinated substrates, facilitating their entry into the 20S core particle. The 19S is made of ATPase and nonATPase protein subunits encoded by the PsmC and PsmD genes, respectively. Together, the 20S and 19S complexes make up the 26S particle. Abnormal UPS function has been implicated in numerous pathological conditions (5) . Malignancies can result from stabilization of oncoproteins or destabilization of tumor suppressors, and impaired UPS function has been implicated in neurodegenerative disorders (6, 7) . Although a common pathological hallmark in these degenerative diseases is the accumulation of ubiquitinated protein aggregates, a direct link between aberrant UPS function and neurodegeneration has not been firmly established.
Nuclear factor erythroid-derived 2-related factor 1 (Nrf1), also known as NFE2L1/LCRF1/TCF11, is a member of the CNC subfamily of basic-leucine zipper (bZIP) transcription factors that also includes Nrf2 and Nrf3 (8) . CNC factors heterodimerize with small-Maf proteins and bind DNA motifs including the antioxidant response element (ARE), which regulates expression of genes involved in oxidative stress response (9) . Numerous studies indicate a pivotal role for Nrf2 in regulating ARE-driven gene expression (10) . Although Nrf1 can direct ARE-mediated expression of genes involved in oxidative stress response, it has also been implicated in the control of a variety of cellular processes (11) . Absence of Nrf1 in knockout mice results in lethality late in gestation that is most likely due to abnormal fetal liver erythpoiesis and anemia (12) . Nrf1 is required for the survival of hepatocytes, and a deficiency in Nrf1 in hepatocytes leads to spontaneous development of steatohepatitis and hepatic neoplasia (13, 14) .
Here we describe the generation and analysis of CaMK2cre-directed conditional Nrf1 knockouts to determine the function of Nrf1 in the brain, where it is highly expressed. We demonstrate that conditional knockout of Nrf1 in the brain leads to proteasome impairment and progressive degeneration in cortical neurons. Our findings establish a critical role for Nrf1 in maintaining proteasome function within the CNS and provide evidence that Nrf1 is an important transcriptional regulator of proteasome genes.
Results
Generation of Nrf1 Brain-Specific Conditional Knockout. In situ hybridization (ISH) of Nrf1-specific probe was widespread in the mouse brain. High levels were detected in the cortex, cornu ammonis (CA) subregions and dentate gyrus of the hippocampus, and choroids plexus in adult mice brains (Fig. S1A ). Nrf1 immunoreactivity was prominently detected in the mouse brain in a pattern similar to that seen by ISH, and double-labeling showed overlap between Nrf1 staining and cells positive for the neural marker NeuN (Fig. S1B) . Cultured cortical neurons also showed strong immunostaining for Nrf1 (Fig. S1C) . These results indicate that Nrf1 is highly expressed in neurons. To address the role of Nrf1 in the adult brain, we generated mice with deletion of Nrf1 selectively in the brain to bypass embryonic lethality in constitutive Nrf1 knockout mice. The Nrf1 flox mouse was crossed with the Calcium-calmodulin-dependent Protein Kinase Type 2-Cre (Camk2Cre) transgenic mouse to generate Camk2Cre;Nrf1 −/flox animals, herein referred to as Nrf1BKO. Cre expression in Camk2Cre mice has been shown previously to occur at 1 mo of age and to be confined primarily to differentiated neurons in the forebrain (15) . In accord with this, the recombined Nrf1 allele was detected in the cortex but not the cerebellum of Nrf1BKO mouse (Fig. S2A) . In situ mRNA hybridization using Nrf1-specific riboprobe showed Cre/loxP-mediated Nrf1 deletion in the cortex and hippocampus of Nrf1BKO brain (Fig. S2B) . Disruption of Nrf1 was further verified by immunofluorescence staining in the hippocampus (Fig. S2C ). Nrf1BKO Mice Show Age-Dependent Forebrain Atrophy. Nrf1BKO mice were born at the expected ratio without evidence of developmental defects, and they were indistinguishable from their control littermates at weaning. However, a number of behavioral abnormalities were observed in the course of maintaining these animals. At 3 to 4 mo of age, Nrf1BKO animals showed abnormal hindlimb-clasping reflexes that are often observed in mouse models of neurodegeneration (Fig. 1A) (16) . To examine whether Nrf1BKO mice show age-dependent neuronal loss, we compared brain weights of Nrf1BKO and control mice. No significant differences could be observed at weaning, but Nrf1BKO brain weights were dramatically lower by 6 mo (Fig. 1B) . Gross examinations showed that reduction was attributable to forebrain atrophy (Fig. 1C) . Histologic evaluation indicated that the thickness of the cortex and hippocampus in Nrf1BKO mice was reduced ( Fig. 1D) as a result of decreased number of NeuN-positive cells in Nrf1BKO brain (Fig. 1E) . Neuronal loss was quantitatively assessed by stereological analysis. Nrf1BKO mice showed a 23% and 38% (P < 0.05, respectively) reduction in the volume of the cortex at 3 and 6 mo, respectively (Fig. 1F) . These results indicate that Nrf1BKO mice suffer significant neuronal loss.
Apoptotic Cell Death and Accumulation of Ubiquitin in Neurons of Nrf1BKO Mice. To identify degenerating neurons, Fluoro Jade B staining was done. Fluoro Jade B staining was observed in the cortex and hippocampus of Nrf1BKO brains compared with controls (Fig. S3A ). Numerous apoptotic nuclei were seen in H&E-stained sections of Nrf1BKO brains compared with control brains ( Fig. 2A) . Consistent with this, Nrf1BKO brains showed activated caspase-3 staining (24 ± 7 positive cells per 20× field), whereas none was detected in controls ( Fig. 2A, Inset) . In addition, activation of caspase-3 was colocalized to neurons (Fig. S3C ). Activated caspase-9, a protease involved in the upstream regulation of apoptosis, was also detected in Nrf1BKO brains (Fig. S3B ). Increased GFAP immunostaining was also observed (Fig. S3D ), suggesting that astrogliosis accompanies neuronal damage. Interestingly, numerous ubiquitin-positive cells were detected as early as 1 mo of age, and they were primarily in the cerebral cortex and CA subfields of the hippocampus (Fig. 2B ). Double-staining experiments showed that ubiquitin-immunoreactive cells are also positive for NeuN, indicating that neurons were affected (Fig.  S3E ). Western blotting showed an increase in high-molecularweight ubiquitin-protein conjugates in Nrf1BKO brains compared with controls ( Fig. 2C) .
To determine whether abnormalities observed were a direct effect of Nrf1 loss of function in neurons, we analyzed neuronal cells derived from Nrf1 ;Cre-ERT2 cells after 9 d of 4HT treatment ( Fig. 3C and Fig. S3G ). These results suggest that the defects in Nrf1BKO brains are directly associated with Nrf1 deficiency in neurons, and accumulation of ubiquitin is not a consequence of cell death.
Impaired Proteasomal Function in Nrf1BKO
Brains. The accumulation of ubiquitinated proteins suggested that proteasome impairment could be involved in neuronal damage observed in the Nrf1BKO mice. Indeed, Nrf1BKO brains showed a 30% decrease in chymotrypsin-like activity compared with controls ( Fig.  4A ). Trypsin-like and caspase-like activities were also diminished by 20% and 50%, respectively in Nrf1BKO brains (Fig. 4A ). To confirm these results, in-gel assay to measure proteasome activity was performed. The chymotrypsin-like activities of both the 26S and the 20S proteasomes were markedly reduced in Nrf1BKO brains compared with controls (Fig. 4B) . Similarly, in-gel measurements of trypin-like and caspase-like activities of Nrf1BKO brains were also diminished compared with controls (Fig. 4C) . Immunoblotting against actin showed that equal amounts of brain lysates were used for the in-gel studies (Fig. 4D ). 
Nrf1 Deficiency in Cells Leads to Impaired Proteasome Function and
Hypersensitivity to Proteasome Inhibition. We next examined whether proteasome function is also impaired in primary mouse embryonic fibroblasts (MEFs) from Nrf1 −/− animals. A significant decrease in proteasome activity was observed in Nrf1 −/− MEF cells in comparison with wild-type MEF cells (Fig. 5A ). In line with these data, a lentiviral shRNA-mediated system that provided efficient knockdown of endogenous Nrf1 in 293 cells resulted in 40% decrease in chymotrypsin-like activity in 293 cells ( Fig. S4 A and B) . To measure intracellular proteasome activity, we monitored steady-state levels of red fluorescent protein (RFP) in cells transfected with Ub G76V -RFP expression plasmid. The Ub G76V -RFP is a highly unstable protein targeted for degradation by the proteasome and is normally present at low levels in transfected cells unless proteasome activity is impaired (17) . Although both wild-type and Nrf1 −/− MEF cells transfected with Ub G76V -RFP showed similar expression of RFP mRNA (Fig. 5B) , RFP fluorescent levels were markedly elevated in Nrf1 −/− MEF cells compared with wild-type cells (Fig. 5C ). In contrast, fluorescent levels in wild-type cells were close to background levels (Fig. 5C ). Confirming the instability of the Ub G76V -RFP protein in wild-type cells, Nrf1
−/− cells showed increased Ub G76V -RFP protein levels (Fig. 5D) . Transfection of wild-type Nrf1 cDNA, but not a bZIP deletion mutant of Nrf1, was able to restore Ub G76V -RFP clearance in Nrf1 −/− cells ( Fig. 5 C and D) . In addition, transfection of Nrf2 also did not restore Ub G76V -RFP clearance in Nrf1 −/− cells, indicating that effects are specific to Nrf1 (Fig. S4C) . To further assess the potential for a direct contribution of Nrf1 deficiency to proteasome impairment, clearance of Ub G76V -RFP was also monitored in MEF cells rendered Nrf1 deficient. MEF cells generated from Nrf1 flox/flox ; Cre-ERT2 mice were treated with DMSO or 4HT for 72 h and then transfected with Ub G76V -RFP. RFP fluorescent levels were significantly higher in 4HT-treated Nrf1 flox/flox ;Cre-ERT2 cells compared with the same cells treated with DMSO, as well as Nrf1 +/+ ;Cre-ERT2 control cells treated with 4HT or DMSO (Fig. 5E) .
To assess the functional effect of Nrf1 deficiency on proteolytic stress, we tested whether Nrf1 −/− MEFs and Nrf1 knockdown cells are sensitized to proteasome inhibition. Nrf1 −/− MEF cells treated with epoxomicin showed a threefold increase in cell death compared with wild-type and Nrf2 −/− cells (Fig. 5F ). Similarly, treatment with MG132 caused increased cell death and reduced the colony-forming capability of Nrf1 knockdown cells compared with scramble cells (Fig. S4D ).
Nrf1BKO Brains Do Not Show Increased Oxidative Stress. Because the degradative capacity of the proteasome may be compromised by oxidative stress and Nrf1 has been shown to be involved in the antioxidant pathway, we examined whether proteasomal defects in Nrf1BKO brains are associated with increased oxidative stress. The ratios of reduced to oxidized glutathione (GSH/GSSG) levels in control and Nrf1BKO brain tissues were similar (Fig. S5A) , and no significant differences in GSH and GSSG levels were seen in control and Nrf1BKO brain tissues (Fig. S5 A and C) . As a positive control, we examined GSH and GSSG levels in Nrf2 knockouts. GSH/GSSG ratio was twofold lower in Nrf2 knockout brains (Fig. S5A) . Consistent with the primary role of Nrf2 in coordinating cellular defense against oxidative stress in neurons (18) , the reduction in GSH/GSSG ratio in Nrf2 knockout brains was associated with an elevation in GSSG level (Fig. S5C) . We next measured intracellular reactive oxygen species (ROS) levels in neuronal cells. No increase in ROS levels was detected in Nrf1 flox/flox /Cre-ERT2 neurons treated with 4HT compared with neurons treated with vehicle (Fig. S5D) . Although Nrf2 knockout brains showed evidence of oxidative stress, impairment in proteasome activity was not detected (Fig. S5E) . Together, these results suggest that proteasome dysfunction is not linked to oxidative stress in Nrf1BKO brains.
Proteasome Gene Expression Is Down-regulated in Nrf1-Deficient
Brains and Cells. To better understand the Nrf1BKO phenotype, microarray transcriptional profiling was done. Frontal cortices of Nrf1BKO and matched controls were analyzed by oligonucleotide arrays. A total of 1,149 genes were identified by ANOVA (P < 0.05) as differentially expressed. Among these genes, 574 were underexpressed, and 575 genes were overexpressed in Nrf1BKO frontal cortex compared with control. This dataset was then analyzed using Ingenuity Pathway Analysis (IPA) software to identify processes that might be affected in the Nrf1 brain knockouts. The top canonical pathway identified was associated with proteasome function (Fig. S6) . Other top-scoring networks identified also included High-affinity IgE receptor (Fc-epsilon RI) signaling, axon guidance, and inflammatory response. The increase in inflammatory response is consistent with the ongoing neurodegeneration and astrocytic response observed in the Nrf1BKO brains. However, the relevance of Fc-epsilon RI signaling and axon guidance is not clear and was not pursued further here. On the basis of proteasomal dysfunction exhibited by Nrf1BKO brains, genes representative of the 20S core and 19S regulatory complex of the proteasome were further studied. Quantitative RT-PCR showed down-regulated expression of genes encoding various subunits of the 20S core, as well the 19S regulatory complex in Nrf1BKO brains (Fig. 6A ). In accord with RT-PCR results, Western blotting showed decreased levels of α-subunits and catalytic β-subunits of the 20S core, as well as RPT2 and RPT5 of the 19S complex (Fig. 6B) . To determine whether expression of some of the above proteasome genes was directly linked to Nrf1, we analyzed their expression in Nrf1 (Fig. 6C) . In addition, the knockdown of Nrf1 in 293 cells resulted in a reduction of α-subunits and catalytic β-subunits compared with cells transduced with vector or with a scrambled shRNA (Fig. S4A ). Together these data suggest that proteasome dysfunction in Nrf1BKO can be explained by alterations in proteasome subunit content.
PsmB6 Is a Direct Nrf1 Target Gene. We next determined whether proteasome genes are directly under the control of Nrf1. On the basis of our expression results above, PsmB6 (encoding the catalytic β1-subunit) was chosen as a representative target gene. The promoter region of PsmB6 gene (3.0 kb) was isolated from genomic DNA by PCR amplification and cloned into the pGL3Basic luciferase reporter plasmid. Nrf1 activated the PsmB6 luciferase reporter in a dose-dependent manner (Fig. 7A) . Nrf2 cotransfection did not increase reporter expression, suggesting that the activation is Nrf1 specific (Fig. 7A) . To determine whether the PsmB6 luciferase reporter expression is Nrf1 dependent, we compared expression of the PsmB6 luciferase reporter plasmid in wild-type and Nrf1 knockout MEFs. Luciferase expression in Nrf1 knockout MEFs was threefold lower compared with wild-type and Nrf2 knockout MEFs (Fig. 7B) , and low expression of the reporter was rescued by cotransfection of Nrf1 expression plasmid (Fig.  7B) . Cotransfection of bZIP deletion-mutant Nrf1, or Nrf2, did not rescue promoter activity (Fig. 7B) . To further substantiate the role of Nrf1 in PsmB6 activation, luciferase reporter activity was reduced by 50% in Nrf1 knockdown cells (Fig. S4E) . Next, chromatin immunoprecipitation assays were done to examine endogenous Nrf1 protein interactions with PsmB6 genomic sequences. Chromatin isolated from MEF cells was immunoprecipitated with an anti-Nrf1 antibody or preimmune rabbit IgG as control and subjected to PCR amplification using primers spanning 3 kb of the PsmB6 gene promoter region (Fig. 7C) . Enrichment of Nrf1 was detected with a primer pair spanning the region +80 to −500 nt from the transcriptional start site of PsmB6 gene (Fig. 7C) . Sequence inspection revealed a perfect consensus Nrf1 binding site at −38 nt. Next, a deletion of the ARE in the −38 region was generated to verify its role in the regulation of the PsmB6 gene promoter. Both basal and activated luciferase expression by Nrf1 cotransfection was blunted when the ARE region was deleted (Fig. 7D) . These data provide support that Nrf1 directly regulates PsmB6 expression in vivo.
Discussion
Although Nrf1 has been shown to regulate antioxidant gene expression, additional roles of Nrf1 in development and cellular function were investigated. Nrf1 is highly expressed in neural tissues, but little is known about its function in the brain. Here we show that CaMK2cre-directed conditional knockout of Nrf1 (Nrf1BKO) leads to neuronal apoptosis and age-dependent brain atrophy. Our data also indicate that Nrf1 deficiency in neural cells does not induce measurable oxidative stress in brain tissues of Nrf1BKO mice. Thus, the neurodegenerative phenotype in Nrf1BKO mice is not mechanistically linked to oxidative stress. Instead, the knockout of Nrf1 in both mouse brains and cells produces defects in proteasome function and alterations in proteasome gene expression, and cell-based studies indicate that this defect is directly associated with Nrf1 deficiency and not secondary to a systemic process in the knockout animals. Because lowered proteasome function induces toxicity and apoptosis in neurons and other cells (19, 20) , this suggests that proteasomal impairment is a major causative factor by which Nrf1 deficiency promotes neuronal degeneration. Our results also indicate that Nrf1 is an important effector of proteasome gene expression in the nervous system. The link between proteasome function and Nrf1 has implications for a variety of neurological disorders associated with proteasomal impairment. The expression of proteasomal genes in yeast is controlled by Rpn4 transcription factor through a 9-bp motif known as proteasome associated control element (PACE) (21) . Proteasomal genes are also regulated in a coordinate manner in mammalian cells, but little is known about the cis-active regulatory elements and transcriptional regulators that are involved (22) . Transcriptional regulation of many cytoprotective genes is regulated through the ARE (23) . For example, AREs control expression of both the catalytic and regulatory subunits of glutamylcysteine ligase that are involved in the biosynthesis of GSH (24, 25) . The ARE also regulates phase I and phase II detoxification enzymes and multidrug resistance-associated transporters. In addition to oxidative stress-related genes, AREs have also been identified in promoters of a number of proteasomal genes (26, 27) . Although Nrf2 has been shown to activate expression of proteasomal genes, proteasome activity was affected in Nrf2 knockout brains. This suggests that proteasome genes expression is not dependent on Nrf2 in neural cells. One possible explanation is that the level of Nrf2 expression may not be high enough in cortical neurons. Alternatively, the repertoire of target genes regulated by Nrf1 is uniquely different from Nrf2. This possibility would also explain the absence of oxidative stress in Nrf1BKO brains. Our data indicate that Nrf1 is a main regulator of proteasomal gene expression. On the basis of the IPA analysis of our expression profiling data, it seems that the proteasome pathway is one of the key processes affected by loss of Nrf1 in neurons. Interestingly, however, ARE-driven genes involved in oxidative stress did not appear in our microarray analysis. In line with a role for Nrf1 in proteasome gene expression, mRNA analysis and Western blotting showed a coordinate down-regulation of both α-structural and β-catalytic subunits of the 20S subunits, as well as components of the 19S regulatory subcomplex in Nrf1BKO brains. The marked accumulation of ubiquitinated protein aggregates suggests that the expression of proteasome genes is sufficiently diminished by loss of Nrf1 to affect constitutive proteasome function in Nrf1BKO brains. In further support of the requirement for Nrf1 in proteasomal gene expression, proteasome expression was down-regulated by tamoxifen-induced knockout of Nrf1 in neurons, and knockdown of Nrf1 activity by shRNA in 293 cells impaired proteasome expression and function in a parallel fashion. Our data also demonstrate that PsmB6, chosen as a representative target gene on the basis of our gene expression analysis, is directly regulated by Nrf1. Sequence inspection also revealed putative AREs in the 5′ flanking regions of various proteasomal genes, such as PsmA5, PsmB2, PsmB1, and PsmC3.
However, further studies are required to examine whether Nrf1 also contributes directly to expression of these genes. Aside from its role in constitutive expression of proteasome genes, we have also demonstrated that Nrf1 is required for inhibitor-induced proteasome gene expression (28) . On the basis of these findings, we propose that Nrf1 is essential for expression of mammalian 26S proteasome under basal as well as stress-induced conditions. In summary, this study evaluated the role of Nrf1 in vivo in the adult brain. The results of our present study clearly demonstrate that Nrf1 is required for normal expression of proteasome genes in neural cells, and loss of Nrf1 in neurons causes neurodegeneration. These findings provide information on the role of Nrf1 beyond the oxidative stress response. Because neuronal degeneration is frequently observed in patients and animal models with defective proteasome function, these findings raise the possibility that Nrf1 signaling might play a more general role in neurodegenerative diseases. The Nrf1BKO mouse may provide a useful model to examine the involvement of proteasome dysfunction in the pathogenesis of neurodegenerative diseases.
Materials and Methods
See SI Materials and Methods for greater detail.
Transcriptional Profiling and Quantitative RT-PCR. Profiling was done on Affymetrix oligonucleotide arrays. Primer sequences for PCR are listed in Table S1 . Quantitative RT-PCR data was calculated as 2 Primary Neuron Cultures. Cultures were generated from cortices of embryonic day 14-15 embryos.
